Objective: The King-Devick (KD) test, which is based on rapid number naming speed, is a performance measure that adds vision and eye movement assessments to sideline concussion testing. We performed a laboratory-based study to characterize ocular motor behavior during the KD test in a patient cohort with chronic concussion to identify features associated with prolonged KD reading times. Methods: Twenty-five patients with a concussion history (mean age: 31) were compared to control participants with no concussion history (n = 42, mean age: 32). Participants performed a computerized KD test under infraredbased video-oculography. Results: Average intersaccadic intervals for task-specific saccades were significantly longer among concussed patients compared to controls (324.4 AE 85.6 msec vs. 286.1 AE 49.7 msec, P = 0.027). Digitized KD reading times were prolonged in concussed participants versus controls (53.43 AE 14.04 sec vs. 43.80 AE 8.55 sec, P = 0.004) and were highly correlated with intersaccadic intervals. Concussion was also associated with a greater number of saccades during number reading and larger average deviations of saccade endpoint distances from the centers of the to-be-read numbers (1.22 AE 0.29°v s. 0.98 AE 0.27°, P = 0.002). There were no differences in saccade peak velocity, duration, or amplitude. Interpretation: Prolonged intersaccadic intervals, greater numbers of saccades, and larger deviations of saccade endpoints underlie prolonged KD reading times in chronic concussion. The KD test relies upon a diffuse neurocognitive network that mediates the fine control of efferent visual function. One sequela of chronic concussion may be disruption of this system, which may produce deficits in spatial target selection and planning of eye movements.
Introduction
Concussion is a change in brain function following a force to the head or body that results in new and otherwise unexplained neurological symptoms. 1 Dysfunction may occur in one or more domains, resulting in physical symptoms, behavioral changes, emotional disturbances, and sleep impairment. While up to 90% of concussions resolve in 7-10 days, recovery time may be longer. 2 The time to recover may reflect the extent of microscopic neuronal shearing 3 and the impairment of cellular and metabolic function. 4, 5 While these insights help elucidate the neurophysiology of acute concussive injuries, chronic concussion is still poorly understood and mechanisms explaining the neurobiology over a protracted time scale have not been well characterized.
An estimated 1.6-3.8 million sports-related concussions occur annually in the United States, 6 accounting for 6% and 9% of athletic injuries at the collegiate and high school levels, respectively, though these numbers are conservative, as many concussions are never reported. 7, 8 Repeat concussions are associated with greater severity of This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
symptomatology, longer recoveries, and earlier onset of age-related memory loss and dementia. 9 In fact, the probability of repeat concussion increases threefold following the first traumatic event. 10 Thus, accurate, rapid, and sensitive sideline measures of concussion detection are critical, as are measures for the clinical assessment of protracted, chronic concussion.
Tools routinely implemented on the sidelines include symptom checklists, the Standardized Assessment of Concussion (SAC), and the Balance Error Scoring System (BESS). In addition, visual performance tests have been shown to be sensitive measures of acute concussion detection. Less emphasis has been given to utilization of these measures to assess chronic concussion. It is estimated that more than half of the brain's pathways are linked to vision and eye movement control 11 ; many of these areas are susceptible to injury by concussion, particularly the frontal and temporal lobes. 12, 13 In this regard, the presence of abnormal eye movements has been shown to indicate suboptimal brain function in postconcussive states. 14-18. The King-Devick (KD) test, a vision-based rapid number naming task, has been validated as a sensitive and specific sideline performance measure for acute concussion detection. [19] [20] [21] [22] The KD test is a pseudoreading task that captures afferent and efferent vision, including saccadic eye movements and their interleaved fixations, along with aspects of cognition. With conventional KD test administration, which consists of reading the card numbers aloud from a spiral-bound or tablet version, it is not possible to determine the number of saccades generated or to detect any pathology in saccade characteristics. 23 Objective metrics include only testing time and error rate. Following a concussive event, total test times are significantly prolonged from baseline, [19] [20] [21] [22] 24 but not after physical exertion. 25 The mechanisms underlying prolonged KD test times are currently unknown. Several possibilities exist, including saccadic slowing, increased duration of fixations or the pauses between saccades, increased number of saccades, inaccurate saccades, or other superimposed abnormalities of eye movements. It is also possible that the eye movements are normal and that the slowed reading times are cognitive in nature. 26, 27 The objective of this study was to perform a detailed temporal, spatial, and kinematic analysis of the saccades and the periods of fixation in between saccades during KD performance following concussion, as well as to determine which eye movement metrics predicted prolonged reading KD times.
Methods

Participants and questionnaire assessments
Concussion subjects were recruited following a clinical visit for a diagnosis of concussion at the NYU Concussion center. Exclusion criteria included abnormal neuroimaging, orbital fracture, or any history of eye movement disorders known to exist prior to injury. Healthy adult volunteers without a history of concussion, neurological impairment, or visual dysfunction (other than refractive error) were recruited as controls. This research was approved by the NYU Institutional Review Board. Informed consent was obtained from each subject.
Vision-specific quality of life was assessed in all concussed and control subjects with the 25-item National Eye Institute Visual Functioning Questionnaire (NEI-VFQ-25) (perfect score is 100) and 10-item supplement. 28, 29 The self-administered questionnaires have response gradings utilizing a Likert scale. Each concussion subject also completed the Ohio State University Traumatic Brain Injury Form 30 and the Post-Concussion Symptom Inventory (PCSI). 31 The Ohio State University Traumatic Brain Injury Form consists of a 3-5 min structured interview focused on a person's lifetime history of traumatic brain injury and details surrounding each injury. The PCSI assesses symptoms prior to concussion and at the time of form completion (the subject rank symptoms from 0 to 6, with 6 being the most severe). The delta score was calculated as a summation of the pre (y 1 ) to post (y 2 ) differences, where the differences were y 2 Ày 1 and the delta score was calculated as the sum of the changes for each symptom listed in the PCSI.
Eye movement recordings and data analysis
All concussed and control subjects completed a 13-point spatial calibration procedure and one trial of reading three computer-generated KD test cards (Fig. 1 , left panels) while undergoing simultaneous eye movement recording with infrared oculography (Eyelink 1000 + , SR Research, Ontario Canada). The system recorded binocularly with a sampling frequency of 500 Hz and a spatial accuracy of approximately 0.5°. Eye movement data were analyzed offline using custom Matlab software. Data between card presentations were automatically identified for exclusion and manually confirmed, and data within 100 ms of a blink were automatically eliminated.
Total reading time and error rate were recorded. Analyses of saccade velocity, acceleration, amplitude, duration, spatial accuracy, and main sequence relationships between these parameters were completed for two sets of saccades: (1) for all saccades performed during the procedure and (2) for "task-specific" saccades which we define as saccades with a horizontal amplitude of at least 2°. Task-specific saccades include two subsets: horizontal saccades with horizontal amplitude of at least 2°(the smallest saccade required for number reading progression on the test cards) and saccades with a horizontal amplitude of at least 10°and a vertical amplitude of at least 0.5°(representing oblique saccades functioning to transition between lines during reading) (Fig. 1, right panels) . Intersaccadic intervals (ISI), defined as the time between task-specific saccades, were calculated. Further details, including full methodology of recording procedures and KD eye movement analysis technique, have been previously published. 32 Comparisons between subject-specific mean values in concussed versus control subjects were performed using ttests. Product-moment correlations were computed to assess the relationship between KD test performance and several saccade metrics, including saccade amplitudes and ISI values. Multiple linear regression was performed to assess multidimensional linear correlations. Therefore, only linear terms were included in these regression models. Figure 1 . LEFT panels. Test cards 1 (top), 2 (middle), and 3 (bottom) of the King-Devick test (as implemented in digital paradigm and on sideline testing). RIGHT panels. Demonstration of eye tracking tracings of saccades and fixations overlaid on KD test cards 1 (top), 2 (middle), and 3 (bottom) for a representative control subject. The blue lines with dots (data samples) represent "task-specific" horizontal and oblique saccades and the red circles represent fixations (duration, which is displayed in milliseconds, correlates with the diameter of the circle). KD, King-Devick. 
Results
Demographics and questionnaire assessments
Twenty-five subjects with a history of concussion (age range: 16-64, mean: 31 years, 52% female) met eligibility criteria and were included. Forty-two healthy adults (age range: 18-53, mean: 32 years, 71% female) were included in our control population. In the concussed cohort, the median time since the most recent concussion was 54 weeks (interquartile range: 87 weeks). Data from the Ohio State University Traumatic Brain Injury Form is included in Table 1 . Ohio State University Traumatic Brain Injury Form interviews were incomplete in two subjects due to poor subject memory of the time course of concussion history.
For the NEI-VFQ-25, the concussion cohort had a mean unweighted score of 77.19 AE 14.80 versus 95.64 AE 5.5 in healthy controls (P < 0.0001, two-sample t-test). For the 10-item supplement, the concussion cohort had a mean score of 71.39 AE 17.14 versus 92.82 AE 7.20 in healthy controls (P < 0.0001, two-sample t-test). For the composite with 10-item supplement, the concussion cohort had a mean unweighted score of 75.47 AE 14.84 versus 94.82 AE 5.53 in healthy controls (P < 0.0001, two-sample t-test).
In the self-reported PCSI, the preinjury mean was 13.05 AE 16.92, compared to a postinjury mean of 45.60 AE 24.88 (delta mean of 32.55) ( Table 2) .
King-Devick metrics
The total KD reading time for concussion subjects on average was 53.4 AE 14.04 sec versus 43.80 AE 8.55 sec for healthy controls (P < 0.004, two-sample t-test). Per-card averages are shown in Table 3 . Number naming errors included 1 error each in five concussion subjects and three control subjects, two errors in one control subject, and 12 errors in one concussion subject. Of note, the concussion subject with 12 errors had a 20-year professional boxing history and was currently symptomatic from the most recent concussion 1 year prior.
Eye movement analysis
Saccade kinematics
There were no significant differences between saccade peak velocity, acceleration, deceleration, or amplitude between concussed subjects and healthy controls for all saccades and for task-specific saccades (Table 3) . Main sequence relationships of saccade amplitude to peak velocity and duration were similar in concussed and control subjects for all saccades and for task-specific saccades ( Fig. 2A and B) .
Intersaccadic interval analysis
ISI was measured for each subject as the median interval between all task-specific saccades across the three test cards, due to substantial positive skew in the distribution of these values for all subjects (Fig. 3A) . The mean ISI across subjects was greater in the concussed compared to the control group (324.4 AE 85.6 msec vs. 286.1 AE 49.7 msec, P = 0.027, one-sample t-test) ( Table 3 ). The median ISI value was also significantly prolonged in concussed subjects compared to controls (341.05 vs. 284.03, P = 0.002). The histograms of ISI values (Fig. 3A) highlight the overall pattern of ISI values produced by each subject group, and raster plots (shown below each corresponding histogram) highlight individual differences in the distribution of ISI values.
Saccade spatial analysis
Distributions of saccade amplitudes are shown in Figure 3B. It appears that concussed and control subjects produced nearly identical patterns of saccade amplitudes for saccades larger than about 20°(saccades made when transitioning from one line to the next), but appeared to produce different patterns of saccade amplitudes for smaller saccades. In particular, control subjects showed a relatively flat distribution (accounting for noise) of amplitudes for small saccades below about 6°, followed by a peak in the distribution between 7°and 8°. Concussed subjects also produced a relatively flat distribution (accounting for noise) for small saccades below 6°, but showed a severely attenuated peak between 7°and 8°. Of note, a higher percentage of saccades occurred in the incorrect direction for proper reading flow (e.g., leftward) in concussed subjects compared to controls (14.43 AE 8.26% vs. 10.13 AE 5.33%, P = 0.028, two-sample t-test).
Saccade frequency
Concussed subjects produced a greater number of saccades overall (P = 0.04, one-sample t-test), as well as greater numbers of smaller saccades below 20°(P < 0.05). However, both cohorts displayed median saccade endpoints that were horizontally biased (Fig. 4A ) relative to the nearest target position (all P < 0.05). Median endpoint errors (Fig. 4B ) made by concussed subjects were larger than those produced by control subjects (P < 0.05).
Correlations
Both median ISI (control: r = 0.79, concussion: r = 0.73, all P < 0.01) and numbers of saccades below 20°(control: r = 0.60, concussion: r = 0.52, all P < 0.05) were significantly correlated with KD test times, as shown graphically in Figure 5 . Although these measures were both highly correlated with KD reading times, they were not correlated with one another in either cohort (control: r = 0.09, concussion: r = À0.06, all P > 0.05). Multiple regressions showed that the combination of ISI times and number of saccades was highly predictive of KD times in both control (r = 0.88, F = 69.7, P < 0.01) and concussed subjects (r = 0.89, F = 20.5, P < 0.01). The same parameters were also predictive of the PCSI delta score (r = 0.57, F = 4.0, P < 0.05). 
Discussion
In this study, eye movement behavior during reading of the KD test was assessed in individuals with chronic concussion and compared to a cohort of healthy control subjects. Though concussed subjects were outside the 7-10 day window in which most concussions resolve, the concussed cohort largely remained symptomatic from their most recent concussion. As has been reported previously, 22 total KD test reading times were prolonged in the concussed subjects as compared to controls. In addition, a variety of deficits in the control of saccades and intersaccadic intervals (ISI) were detected after concussive injury. The most striking of these findings was the prolongation of the ISI, which contributed substantially to KD total test time prolongation, as shown by the strong correlation between ISI durations and total test times. Furthermore, ISI was also predictive of the change in PCSI scores. We discuss each of the deficits in turn and pay particular attention to the possibility that these results may have implications regarding mechanistic dysfunction in mild traumatic brain injury, since the neuroanatomic pathways controlling eye movement behavior are well elucidated. 33 
Saccade kinematics
Saccade speed is controlled at the level of the brainstem, in horizontal and vertical saccade centers in the pons and midbrain that contain excitatory burst neurons for saccade initiation. 34, 35 Lesions in these burst neuron centers lead to saccade slowing. In our study, classical measures of saccade function, including velocity, duration, acceleration, and deceleration showed no differences between concussed and control subjects. Main sequence relationships between saccade amplitude and velocity and between saccade amplitude and duration were also similar between groups.
Our results suggest that brainstem regions responsible for final premotor saccade generation, such as the pontine parapontine reticular formation and the midbrain rostral interstitial medial longitudinal fasciculus, are less prone to injury in those suffering from chronic concussion. Evidence supporting this interpretation has been demonstrated in standard, non-KD, reflexive saccade (single saccade to a suddenly appearing visual target) paradigms in subacute concussion 36 and in chronic postconcussive states, 15, 16, 37 in which saccadic velocities were found to be no different than in controls. In fact, normal saccadic velocities following concussion are not a surprising result, as diffuse axonal injury rarely extends to the brainstem in mild traumatic brain injury. 38 Rather, saccadic abnormalities are much more likely to result from injuries to higher cortical control regions that are more prone to injury in concussion.
Intersaccadic interval analysis
In classic saccade studies, reaction time or latency is defined as the interval between presentation of a visual stimulus and initiation of a saccade directing gaze to that target. 39 The ISI, or the "pause" between saccade events, is simply a measure of the time between saccades. In the context of natural scene viewing, it has been considered a surrogate of latency, though it incorporates both saccade latency and the fixation periods between eye movement events. 32, 40 This becomes highly relevant for rapid number naming tasks, such as the KD, given that all the spatial targets or numbers are displayed at the onset of the subtask, that is, card 1, 2, and 3. In this study, ISI durations were significantly prolonged in concussed subjects for all saccades and for task-specific saccades. Given the pseudoreading structure of this assessment, it is essential to remember that efficient reading requires eye movements that are not only rapid and accurate, but also requires the integration of information obtained continuously from each fixation to read, verbalize, plan the motor movement, and direct attention to the next number. 26 We cannot determine in this study if the ISI prolongation during KD reading in concussion is due to prolonged saccadic latency or excessive fixation or if both contribute, however, we hypothesize that both may be contributory. Saccadic latencies in standard reflexive saccade paradigms have been reported as normal in concussion; however, latencies of saccade paradigms requiring more attention and a higher cognitive load (such as antisaccades) have been shown to be prolonged. 36 This distinction makes sense given that certain cortical regions, such as the frontal lobes, are most prone to injury in concussion. 41 Though a somewhat simplistic interpretation of anatomic saccade control, the parietal lobe is predominantly responsible for the generation of reflexive saccades, 42 whereas frontal lobe structures (i.e., the frontal eye fields and dorsolateral prefrontal cortex) are more involved with cognitively demanding saccade types. These higher cognitively loaded saccades are likely similar to the saccades required to perform the KD test. In the KD framework, shifting attention from a current numerical target to the next sequential target is a three-step process involving disengagement of attention from the current target, moving attention to the new target and then reengagement with the new target.
In addition to saccadic latency, cognitive factors are involved in mediating the ISI and the continuous flow of integrated information essential to task completion. Mild traumatic brain injury is known to create deficits on the cognitive axis, particularly in the domains of executive function and attention, which have been associated with longer recovery trajectories. 43, 44 Of note, prolonged KD reading times have been correlated with worse immediate memory scores on the Standardized Assessment of Concussion, further implicating frontal lobe structures such as the dorsolateral prefrontal cortex. 45 
Saccade spatial analysis and frequency
Our concussed subjects required a greater number of saccades overall, including smaller saccades below 20°, to complete the KD test. Two possible explanations for this exist. Completing saccades in steps permits sequential direction of gaze toward a visual goal, deconstructing the overall task into simpler or smaller components. On the other hand, the need for more saccades may reflect saccadic dysmetria and the need for additional corrective saccades. Saccade hypometria lesions involving the cortex, pretectum, thalamus, superior colliculus, and cerebellum, [46] [47] [48] while saccade hypermetria implicates injury to the cerebellum. Further quantitative study of eye movements should allow a better understanding of how frequently these areas are involved in concussed subjects.
Limitations
The extended duration and variability in time since concussive injury in our subjects, inclusion of more subjects under age 18 in the chronically concussed group, and lack of formal neuropsychological testing are potential limitations of this study. A further limitation is the presence of multiple varied medications with central nervous system (CNS) activity in our concussed cohort, including antidepressants, anxiolytics, sleep aids, and CNS stimulants. It is unclear if, and how, such medications may affect the results, as studies of the effects of these medications on saccade behavior and Correlations between the median number of saccades below 20°p roduced by each subject and that subject's KD test time. In both panels, dashed lines are the best fitted line through the origin that minimizes total squared error of the fit to the control data. This fit was chosen on the assumption that the limiting case of a KD test time of zero would also be associated with zero ISI and saccade amplitudes. Fitted lines are displayed to highlight the linear pattern and consistency of results only. Product-moment correlations are also computed, and are independent of the displayed lines. rapid number naming performance have not been done. We acknowledge that the population studied here may differ neurobiologically from populations with acute concussion and findings from this study may not be generalizable to individuals with acute concussion.
Conclusions
Despite a wealth of literature noting prolonged KD test times following concussion, mechanisms explaining these findings have not been formally examined. We report on a number of eye movement findings in subjects with chronic concussion during performance of the KD test. Prolonged KD test times were associated with prolonged ISI values, an increased number of saccades (particularly at smaller amplitudes), and increased saccadic dysmetria. Although both ISI and the number of saccades were predictive of KD test times, they were not correlated with one another, suggesting that the combination of these two measures may provide superior prediction of concussion over ISI, number of saccades, or perhaps even KD test times alone. Understanding the deficits uncovered in rapid number naming tasks with more granularity may ultimately assist in identifying the neuroanatomic substrates that are disrupted following mild traumatic brain injury. A finer appreciation of the neurocognitive network essential to visual-verbal tasks may assist in optimizing outcome measures to longitudinally track recovery and to design more tailored rehabilitation regimens.
